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"ROTOR POSITION SENSING" 

This invention relates to position sensing in an electric motor 
in which the wound poles (or "windings") are supported on a 
substantially non-conducting s\ibstrate of low magnetic 

permeability (called "a motor of the type described") . 

' .... 

An exan^le of such a motor is described in our International 
patent specification PCT/GB 08/00742* For convenience we will 
refer to such a motor as one having a substantially '*ironless 
stator" as it is generally convenient to provide the wound poles 
on the stator rather than on the rotor. 

Our earlier patent specification describes a permanent magnet 
dynamo electric, machine which can be provided in the form of a 
motor/altemator/generator. When provided in the form of a 
permanent magnet motor, we prefer that it has the " permanent 
magnets on the rotor , and the wound poles on an ironless stator. 

It is an object of this invention to provide an iit5>roved means 
for controlling a motor, of the type described, or one which will 
at least provide the public with a useful choice. 

In one aspect, the invention provides control means for a multi- 
phase electric motor of the type described having a winding 
associated with each phase of the motor, a unidirectional 
electronic switching means in series with each winding, the 
windings being positioned in parallel between a power supply, 
current blocking means between the power supply and the windings, 
and means for sensing the voltages in each respective winding, 
the or each sensing means being connected to means for 
controlling the respective unidirectional switching means for 
that winding. 

In another aspect the invention provides means for reconstructing 
the switched phase of a multi-phase machine by comparing the 
voltages of the other phases. 

Preferably the unidirectional switching means consists of silicon 
controlled rectifiers as they are extremely reliable switching 
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devices and of very low cost . 

As will be described in the preferred embodiment^ these silicon 
controlled rectifiers (SCRs) make use of an effect we call the 
' "phase commutation effect", effect which is possible with a motor 
5 of the type described having an ironless stator. 

In some cases the sense windings may be the same as the motor 
windings • Altemativelyr the sense windings may be separate 
windings electrically isolated from the motor windings, and this 
is preferred in the case of higher voltage motors, or motors 
10 having a high starting current. 

We have found that the sensing technique described above is 
particularly suited for the control of tnotors during running, and 
is also suitable for high speed motors at start-up. However, for 
larger slower motors we prefer to include magnetic sensors to 

15 sense the position of the rotor at start-up. Such a system may be 

used during the running of the motor, although we prefer in most 
cases that the magnetic sensors be used to sense the rotor 
position during start-up and then prefer to switch, over to the 
electronic sensing technique during high speed running of the 

20 motor* 

• In this aspect, the invention provides means for detecting the 
position of a permanent magnetic pole in an electric motor, in 
which a plurality of permanent magnetic poles are provided on a 
support of a first motor component and one or more magnetic 
25 sensors are positioned relative thereto on a second motor 

component so that the magnetic flux sensors may detect the 
position of the permanent magnetic poles. 

By this means it is possible to make use of the permanent 
magnetic poles provided on the rotor as part of the sensing 
30 arrangement. The magnetic flux sensors may for exan^le be Hall- 

effect sensors, or magneto-strictive sensors. 

In a yet further aspect, the invention provides control means for 
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a multi-phase electric motor of the type described having both 
the sensor windings as described above and the magnetic flux 
sensors as described above. 

These and other aspects of this invention, which should be 
considered in all its novel aspects, will become apparent from 
the following description, which is given by way of exanqple only, 
with reference to the accompanying drawings in which: 

Figure 1 ; shows a general circuit diagram for a three phase motor 
of the type described. 

Figure 2 ; shows the voltage wave forms of the three windings of 
the motor having an ironless stator. 



Figure 3 : shows a preferred con?>arator amplifier on one of the 
motor windings capable of sensing when the voltage of 
that winding crosses the zero voltage point. Only one 
15 such amplifier is shown, although it will be 

appreciated that a separate coiqparator amplifier is 
provided on each of the windings of Figure 1. 

Figure 4 : shows the switching points on the wave forms for a 
three phase supply. 

20 Figure 5 ; shows a general circuit diagram for a three phase motor 

of the type described having separate sensor windings 
as described above. 

Figure 6 ; is a cross section of a motor having a cylindrical 
rotor with the permanent magnetic poles protruding 
25 beyond the end of the rotor. 

Figure 7 ; is a partial end elevation of the rotor of Figure 6 
showing the lines of magnetic flux from the protruding 
portions of the magnetic poles. 

Figure 8: illustrates a partial end elevation of the rotor of 



Figure 6 showing one possible arrangement of the 
toagnetic flux sensors. 



Figure 9 ; illustrates a part exploded view of an electric xnotor 
for use with the control means of this invention* 

FIGURE 1: 

m the general circuit of Figure 1, it will be appreciated that 
each winding Vtl, W2r W3 has its own unidirectional switching 
means for exaa^jle SCRlr SCB2, SCR3, each of which is in series 
with its respective winding. These windings are provided in 
parallel between a voltage supply V+ and ground. In this 
exan^ley we are concerned with a three phase motor having an 
ironless stator, as such a three phase winding motor may use 120 
electrical degree current injection. Current controlling means L 
in thfe form of an external inductor, or DC-DC series choke 
converter prefereODly provides current controlling between the 
power supply and the electric motor in order to allow the phase 
commutation to occur. These windings Wl, W2r W3^ can be used 
both as "sense windings" and as "motor windings" for a motor of 
the type illustrated in Figure 9. 

The phase commutation effect allows current flowing in winding Wl 
to stop when winding H2 is switched on. This occurs because when 
winding W2 is switched on its back EMF voltage is much less than 
that of winding Wl, thus all the current which was previously 
flowing through winding Wl is transferred into winding W2. When 
this occurs r the current in winding Wl drops to zero, and when it 
reaches zero, SCRl turns off and is therefore commutated. This 
will be es^lained in more detail with reference to the phase 
diagram of Figure 2. 

FIGURE 2: 

Figure 2 shows the voltage wave forms of the three windings of 
the motor. Current flows in winding Wl from zero to 120 
electrical degrees, and then current flows in winding W2 from 
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120-240 electrical degrees, and finally current flows in winding 
W3 from 240-360 electrical degrees. 

Phase coKimutation of winding Wl occurs at 120 electrical degrees 
when winding W2 is switched on by applying gate drive to SCR2. 
5 As the back emf voltage from winding W2 is zero a circulating 

current through winding Wl, and W2 can exist while both SCR^ and 
SCR2 are on together. This current is sourced from the back emf 
from winding Wl and reduces the current in SCRj^. As soon as the 
current flowing in winding Wl reaches zero, SCRl turns off (ie it 

10 is coinmutated) . Winding W3 has the same effect on winding W2, ie 

SCR3 is turned on at 240 electrical degrees and thus SCR2 is 
commutated* Similarly, winding Wl has the same effect on winding 
W3, as SCRl is turned on at 360 electrical degrees and thus SCR3 
is commutated. This cycle completes 360 degrees of electrical 

15 rotation of the motor. 

By sensing the voltages in each of the windings, it is possible 
to provide a suitable gate signal to turn each, of the SCRs on at 
the correct positions, egatO, 120, and 240 electrical degrees. 

FIGURE 3: 

This is preferably achieved by a comparator ait^lifier on each 
winding which senses when each winding's voltage crosses the zero 
voltage point (as shown in Figure 2) . A typical circuit is shown 
in Figure 3, and for simplicity is shown applied to only one of 
the windings (although a similar circuit will be provided on each 
of the windings Wl, W2, W3) . 

In Figure 3, the ait^lifier A senses when the voltage on winding 
Wl crosses the zero voltage point (ie at 0 or 360 electrical 
degrees) and thus provides a gate signal to turn on SCRl. 
Similarly, the comparator an^lifiers for windings W2 and W3 sense 
10 when the voltage on winding W2 passes the zero voltage point, ie 

at 120 electrical degrees, and senses when the voltage on winding 
W3 passes the zero voltage point, ie at 240 electrical degrees. 
In this circuit. Resistor R2 - R4; and Resistor R3 « R5. 



20 



25 
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As the motor is constructed with an ironless stator, the voltage 
wave fortns are substantially sinusoidal without slot ripple, and 
with minimal voltage variations caused by current flowing through 
either of the other two windings of the three phase motor. This 
5 allows very accurate rotor position sensing and provides a 

suitable gate signal to switch the SCRs on at the correct points 
to provide reliable commutation. 

It will be appreciated that such a system is applicable to any 
multi phase motor, although for ease of starting, it is preferred 

10 that the motor has three or more phases. The preferred 

unidirectional switching means is a silicon controlled rectifier, 
although other possible switching devices may be used. The 
con5>arator an^slifier shown in Figure 3 is only one of many ways 
of sensing the crossing point of the voltage in the winding, and 

X5 many other circuits can be used to monitor this position. 

FIGURE 4: 

The rotor position sensing technique described above has been 
further developed and will be explained with reference to a three 
phase supply with the phases labelled "Red- (R) , "Blue" <B) , and 
20 "Yellow" (Y) in Figure 4. 

m essence for a three phase supply, the "Red" phase should be 
switched at a negative going zero crossing and similarly for the 
other phases. 

Since the act of switching causes a major disturbance, some 
25 gating can also be added - for example, after a switching, 

signals can be ignored (locked out) for say 200 micro-seconds. 

With the gating for forward rotation the condition is switch on 
the "Red" phase, if "Red" phase goes low the "Yellow" phase is 
high. An alternative condition is "Red" phase goes low,, and the 
30 "Blue" phase is low, but this technique can actually run 

backwards with 240*' conduction since the "Blue" phase must always 



be low if it is switched ON. 



When the "Red" (for example) phase is switched ON, the "Red" 
terminal voltage is determined by the power supply voltage so 
that the sine wave, as shown in Figure 4, cannot be observed at 
the Red terminal. However, since the sum of the three terminal 
voltages roust add to zero, the actual -Red" temdnal voltage can 
be reconstructed by taking: 

"Red" « 0 - "Yellow** - "Blue" 

In this way all three phase voltages can be observed even when 
the motor is running by reconstructing the switched phase and 
selecting either the reconstruction or the actual terminal 
voltage as different phases are switched ON. 

Such a technique means that the rotor position can be sensed at 
all times provided that the rotor is moving and generating 
terminal voltages.- The resolution is then 3 x the number of 
poles, if all zero crossings are used. 

using this technique allows a new starting method to be 
introduced. If only the "Red" phase is switched on, the motor 
will finally come to rest in a position of stable equilibrium, 
but because of the very low daii5>ing factor that it has, this may 
take a very long time. 

With reference to Figure 4 the dots represent points of 

unstable equilibrium so that switching the phases there drives 
the motor from these points. The crosses "X" represent stable 
points so that if the "Red" phase is switched ON the motor will 
finally settle at the stable Red point. Movement in either 
direction from this point would cause the Red phase voltage to go 
positive but such a change cannot be seen as the terminal voltage 
is at the switch potential. The Red phase voltage can however be 
reconstructed from - <Y + B) . 



Then, as the motor oscillates about the stable point r the " 
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volt:age wiU go from -ve to -i-ve through zero while Blue la -i-ve. 
(For -ve rotation "Red" goes +ve while "Yellow" is +ve) - At this 
point the "Yellow" phase can be switched ON and the motor will 
continue to run with the rotor position sensing described with 
5 * ' * .reference to Figures 1 ^ 3. . . . 

If the mot^or does not oscillate it must already be at the .stable 
point and the "Yellow" phase can be switched on to effect a 
start. 

This rotor position sensing technique need not be limited to only 
10 three phase zero crossings g-iving 3 x the number of poles. Extra 

zero crossings can be created - for exaznple (R Y/2) gives a new 
waveform.. 

(R + Yl - V [sin + ^ (wt-120**) ] 

= V [sin wt - i sin wt - /!3 cos wt] 
4 4 

15 « /3V C ^ sin wt - 1 cos wt] 

« yav sin (wt - 30^) 



Thus this waveform has zero crossings displaced 30^ from the 
parent waveforzns. The same process cam be repeated for the other 
phases to give 6 more zero crossings /cycle or a resolution of 6 x 
20 the nuxnber of poles. 

Other coxnbinations can also be added to increase the resolution 
yet further^ if required, but there is a practical limit 
dependent on the degree of distortion in the waveforms. 

It will be appreciated that the phase commutation effect provides 
25 a simple and reliable means of controlling the direct current 

motor as described in our earlier patent specification wd is 
also applicable to any other type of permanent magnetic motor in 
which the wound poles are provided on a substrate of low magnetic 
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permeability. Although this effect is particularly suited to our 
earlier motor, it is applicable also to the "pancake motor" in 
which the permanent magnets are mounted on a flat disc adjacent 
another disc on which the wound poles are provided. Thus the 
. 5 . control means of this, invention are applicable to any form of 
motor having an ironless stator (ie having wound poles on a 
substrate of low magnetic permeability) as this minimises voltage 
variations caused by the current flowing through the other 
windings . 

10 FIGURE 5: Separate Sense Windings 

In the general circuit for Figure 5, it should be noted that each 
of the windings Wl, W2, W3..- supplying power to the motor is 
wound together with a separate, electrically isolated winding 
Wl*, W2*, W3*... magnetically coupled so as to sense rotor 

15 position by means of the back-emf voltage generated within the 

corresponding power winding during action of the motor. These 
sense windings are connected with correct polarity to the inputs 
of an electronic device (10) which constructs the proper control 
signals to the stator current -switching devices (11,12,13) on the 

20 basis of external commands plus information from the sense 

windings. By way of exaiqple the current -switching devices shown 
in Figure 5 are transistors. 

An advantage of this invention is that the signals available from 
the sense windings are less distorted than signals from the power 
25 windings; an important advantage if the motor is to be started 

with high currents. 

Another advantage of this invention is that the option of a high- 
voltage motor supply can be selected without consideration for 
the rotational sensing system because the voltages available from 
30 the separate sense windings remain con^atible with the electronic 

circuitry. 



A further advantage is that, in contrast to our earlier schemes 
involving direct sensing of voltages from the motor's supply 
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windings, accurately divided signal voltages which were 
especially necessary at startup and required precision resistors 
or careful adjustments are no longer needed because the input 
voltages from the sense coils are now con^ared with zero volts ^ 
... ... 5-.- ' instead, of a fraction of the voltage across both the motor and 

its current-switching devices. ■ v 

FIGUHE 6: The Magnetic Pos ition Sensor 

Figure 6 shows one exair^sle of the use of magnetic position 
sensors to determine the position of the magnetic poles 
irrespective of motion. Transducers (21) of a steady magnetic 
flux passing through a small volume are required and by way of 
exanple are shown as the solid-state Hall-effect devices. The 
type of - motor used by way of example carries on its rotor (22) an 
alternating series of longitudinal north and south poles (23) and 
uses the inner series of poles, interacting with the magnetic 
fields of the energised stator coils, to generate motion. 

Here, the outer series of poles incidentally present though 
preferably constructed to protrude beyond the structure of the 
rotor (22) are made to interact with the fixed set of magnetic 
2a position sensors (21) (and 41, 42, 43 in Figure 8) to provide 

information concerning the relative position of the sensors and 
the array of magnetic poles. A convenient extent of protrusion 
is 5 mm. 

The general practice in the application of Hall-effect or similar 
2S. sensors is to place them at the end, or within the rotors of 

outside-rotor electric motors. In our invention the flux 
transducers are preferably placed on the outside. 

One advantage of this placement of the magnetic flux sensors is 
that they are screened from the flux generated by currents in the 
30 stator windings. Such interference would alter the accuracy of 

determining switching points and lower the efficiency of the 
motor. 



15 
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Furthermore, it is preferable to mount them outside the 
circumference of the rotor, because the volume within it is 
consumed by the flat stator winding (not shown) . 

- The array of magnetic position sensors is then coupled to the - 
5 electronic controller described with reference to Figure 5, using 

the appropriate interfacing and signal conditioning elements. 

FIGURE 7: Flux Diaaram for t he Maanetic Position Sensor 

Figure 7 is a partial end elevation of the series of magnetic 
poles (31, 32, and 33) which by way of Bxaa^le are mounted along 
10 the edge of the rotor of a sin«>le motor. The flux lines, or 

lines of magnetic force are shown. It will be appreciated that 
the amount of flui is considerably larger if the poles project 
beyond the confines of the iron rotor frame. 

FIGORE 8: The Magnetic Pos ition Sensor 

15 Figure 8 is a partial end elevation of the series of magnetic 

poles which by way of exan5)le are mounted along the edge of the 
rotor of a simple motor. One preferable arrangement for the 
mounting of the magnetic flux sensors (41, 42, and 43) is shown 
in which physical separation around the circumference of the 

20 rotor in relation to the spacing of the magnetic poles may 

indicate the present position of the rotor and be used as a 
source of signals with which to control the starting and running 
of the motor. The indicated spacing in degrees refers to the 
electrical phasing of the sensors with reference to a three-phase 

25 system using three sets of stator coils. 

FIGORE 9: External Rotor Motor 

in this example, a co-axial motor is illustrated, having an 
external rotor construction utilizing closely spaced straight bar 
magnets, and a substantially "ironless stator". 



30 



The motor 110 has a cylindrical sleeve 111 which is conveniently 
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in the form of a cup having an end face 112, which is attached to 
a central shaft 113. This shaft is preferably mounted within 
bearings X15 mounted within, a stator 116. Conveniently, the 
shaft has a tapped end 117 for connection to other machinery. 

5 The inner face of the sleeve 111 is provided with a plurality of 

side by side bar magnets 127, aligned with their axes parallel to 
the axis of the rotor and with their ends preferably protruding 
slightly beyond the end of the sleeve IX. It will be appreciated 
that there will be an even number of such closely spaced magnets, 
10. • so ..that tlie polarity. of the permanent magnetic poles alternates 
as one travels around the inner qirciomference presented by these 
magnets 

The magnets are preferably rare earth or ceramic bar magnets, and 
20 • such magnets are shown in Figure 9, for the purpose of 
15 illustration. Any even number of such magnets can be used 

depending upon design criteria such as size, weight, police, 
availability and £req:uency. ... 

Preferably the bar magnets are formed from either rare eairth or 
ceramic magnets, and have a high field strength enabling them to 
20 provide a higher magnetic flux across a much wider air gap than 

is possible with conventional magnets, but at the same time it is 
preferred that the adjacent permanent magnetic poles are close 
together to provide a short magnetic flux path between adjacent 
magnetic poles. 

25 Preferably, the rotor sleeve and end face, are formed of steel 

although other materials could be used. 

The stator 116 is preferably connected to a mounting plate <not 
shown) , which may also support magnetic flux sensors as shown in 
Figure 8, if magnetic sensors are also used to detect the 
30 position of the magnets. 



It is preferred that the rotor and stator are spaced apart by a 
relatively large cylindrical air gap of the order of 0.25mm to 
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l.Srom and preferably 0.75nm for the 20 pole motor/alternator of 
thia exaxt?>le. This enables the wound poles to intersect the 
magnetic flux path as at substantially right angles thereto. The 
air gap is preferably leas than the depth of the magnets and 
should be of such a size as' to allow for normal engineering 
clearances and tolerances. 

The stator has an axmular generally cylindrical substrate 124 of 
low magnetic permeability material with a plurality of wound 
poles or windings 125 on its outer cylindrical surface. A 
preferred substance is glass reinforced plastics resin as this 
can be formed into a sufficiently rigid cylindrical surface which 
on a prototype machine without a fan has not distorted in use. 
The number of wound poles correspond to the number of permanent 
magnetic poles inside the rotor. The wowd poles are relatively 
shallow in that they are formed on or close to the surface of the 
stibstrate (unlike conventional wound poles which are wound within 
slots formed in steel laminations) . The depth of the wound poles 
on or close to the surface of the stator will depend upon the 
size of the stator and required rating of the motor. In the 
example shown, the depth would be of the order of 1mm to 10mm, 
and preferably about 3mm. 

It will be generally convenient to provide the wound poles or 
windings as wave windings on that surface of the stator facing 
the permanent magnetic poles. For example Figure 9 shows the 
25 wave windings Wl, W2, W3 each providing a plurality of wound 

poles on the surface of a substrate 124 for a three phase stator 
winding- A three phase winding is preferred for most applications 
but other phases have their uses for particular applications. 
They may be exposed to the air or encapsulated in a plastic resin 
30 of low magnetic permeability. Each winding Wl, W2, W3 may 

provide both the sense windings and the motor windings as shown ♦ 
in Figure 1, or separate sense windings Wl*, W2*, W3* may be 
superimposed over but electrically insulated from motor their 
respective windings as described with reference to Figure 5. 

25 The wound poles may be provided in a variety of forms and may 



15 
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provide for one or more phases • As the substrate is of low 
xnagnetic permeability there is consequently no iron (at least in 
the outer portion of the substrate) to provide a magnet flux path 
in the stator. The wound poles on the surface of the stator are 
5-rv.. r^^so^.positioned as to intersect the magnetic fXuac lines connecting-,-^ 
adjacent- ceramic magnets as the flux lines essentially form a 
series of loops from one magnet to the next as one travels around 
the inner circumference of the rotor. 

vaRIATXQNS: 

10 , While the specification above generally refers to a three*phase 
rotational motorr the principles of the invention are generally 
applicable to motors with other numbers of phases and to 
-pancake" or radial electric motors as well as cylindrical motors 
having internal or external rotors. 

15 Finally, various other alterations and modifications may be made 

to- the foregoing without departing from the scope of this 
invention as exen^jlified by the following claims. 
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dAIMS : 

1, Control means for a multi-phaae electric motor (110) in 
which motor windings <W1, W2, W3) are supported on a 
• substantially non-conducting substrate (124) of low. 

5 magnetic permeability, there being a winding (Wl, W2, W3) 

associated with each phase of the motor, CHARACTERISED IN 
THAT a unidirectional electronic switching means (111, 112, 
113) is provided in series with each winding, the windings 
(Wl, W2, W3) are positioned in parallel across a power 
. supply, current blocking means (L) is provided between the 

power supply and the windings, and sensing means is 
provided for sensing the voltages in each respective 
winding, the or each sensing means being connected to means 
for controlling the respective unidirectional switching 
15 means for that winding. 



2. control means as claimed in claim 1, CHARACTERISED IN THAT 
there is means (10) for reconstructing the switched phase 
of a multi-phase machine by comparing the voltages of the 
other phases. 

3. Control means as claimed in any preceding claim 
CH2^CTERISED IN THAT the unidirectional switching means 
(11, 12, 13) consists of silicon controlled rectifiers 
(SCRl, SCR2, SCR3) . 



4. Control means as claimed in any preceding claim 
25 CHARACTERISED IN THAT the at least one winding associated 

with each phase of the motor includes a sense winding (Wl*, 
W2*, W3*) and a motor winding (Wl, W2, W3) . 

5. Control means as claimed in claim 4 CHARACTERISED IN THAT 
each sense winding is' electrically isolated from its 
respective motor winding. 

6. Control means as claimed in any preceding claim 
CHARACTERISED IN THAT there is additional means (41, 42, 
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43) for detecting the position of a permanent magnetic pole 
(31r 32, 33) in an electric motor, in which a plurality of 
permanent magnetic poles are provided on a support of a 
first ntotor coxtponent and one or more magnetic sensors (41, 

.5 . . 43) are positioned relative thereto on a second motor 

component so that the magnetic sensors may detect the 
position of a permanent magnetic pole. 

7. Control means as claimed in the preceding claim, 
CHARZyCtCERXSED IN THAT the permanent magnetic poles (127) 
£0^ protrude beyond the end of the rotor support (111) . 
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